vs. 262 ± 97 vs. 262 ± 112 m, respectively, p = 0.001). SGRQ was significantly improved at 90 days. Multivariate analysis showed that worse 6MWT performance at baseline was independently associated with a greater improvement in 6MWT at the 90-day follow-up. The total complication rate was 54% (n = 14) and included light hemorrhage in 6 patients, COPD exacerbation in 6, pneumothorax in 1 and both COPD exacerbation and pneumothorax in 1 patient. Conclusions: This is the first study to show that LVRC in patients with heterogeneous emphysema and incomplete fissures improves exercise capacity, quality of life and lung function up to 90 days after the intervention. Further studies are needed to assess the long-term effects of LVRC in these patients.
physema with gas trapping and hyperinflation are limited. Lung volume reduction surgery has been applied as a palliative treatment in selected patients but even though the concept is excellent, the referral of patients has been severely influenced by significant perioperative morbidity as well as mortality [2] [3] [4] .
Less-invasive techniques have since been developed, with endoscopic lung volume reduction (ELVR) by means of endobronchial valve placement being the most widespread so far [5] [6] [7] [8] [9] [10] [11] . The frequent presence of incomplete fissures as a parameter for collateral flow [12] [13] [14] , a limiting factor in ELVR with valves, indicates the need for ELVR treatments that work independently of collateral ventilation [12] . Treatment with lung volume reduction coils (LVRC) overcomes this limiting factor and might serve as an alternative choice in this specific group of patients.
We hypothesized that ELVR using coils can improve pulmonary function, exercise tolerance and quality of life (QoL) in patients with severe heterogeneous emphysema and incomplete fissures. The primary end point in our study was the improvement in FEV 1 at 180 days. Secondary end points included the improvement in pulmonary function test (PFT) and 6-minute-walktest (6MWT) values and QoL at 180 days. Secondary end points also included identification of preprocedural clinical, radiological or endoscopic characteristics which could correlate with good postprocedural outcome.
Materials and Methods
This was a single-center, retrospective analysis of a patient cohort. Patients with severe heterogeneous emphysema and incomplete interlobar fissures were included after providing written consent. The study protocol was approved by the ethics committee of the University of Heidelberg.
Patients had initially been considered for ELVR valve placement, but were excluded due to the presence of bilaterally incomplete interlobar fissures on thin-section multislice computed tomography (MSCT) [12] . Our radiologists visually assessed each patient's baseline MSCT, and each fissure with a defect of >10% was considered as incomplete [15] . Chartis analysis was not performed. All patients were treated by means of ELVR with the placement of LVRC. ELVR treatment is part of the standard clinical care of patients with severe COPD in our hospital. Inclusion criteria were: predominantly unilateral heterogeneous emphysema and bilaterally incomplete fissures as well as previously documented criteria for ELVR, i.e. FEV 1 <40%, residual volume (RV) >200% predicted and total lung capacity (TLC) >100% predicted ( table 1 ) [5, 7, 8] .
The heterogeneity of the emphysema was visually determined by nonenhanced thin-section CT scan. Images were processed with the help of an automated in-house software analysis system (YACTA), which enhanced the emphysema distribution. This was confirmed by perfusion scintigraphy [16] . At baseline, the emphysema distribution was visualized and the total lung volume and emphysema index were estimated with YACTA analysis of the CT data [17] . In more detail, YACTA automatically detects the lung tissue (< − 500 Hounsfield units, HU) based on threshold values and an anatomical knowledge-based algorithm and it excludes the tracheobronchial tree. For emphysema detection, a threshold of − 950 HU is used, with a noise correction for voxels with a density of between − 910 and − 949 HU surrounded by at least 4 voxels with a density of ≤ − 950 HU [17, 18] . From the CT analysis, the volume of the segmented lung (lung volume), the volume of the segmented emphysema (emphysema volume), their ratio (pixel index, emphysema index), the volume of the excluded tracheobronchial tree and the 15th percentile are calculated automatically. The 15th percentile is defined as the threshold HU value for which 15% of all lung voxels have a lower density value [19] . The 10th and 5th percentiles are also calculated. This procedure was followed by a second YACTA analysis of the CT at 90 days after the intervention, in order to assess possible lung volume reduction and changes in emphysema index and emphysema volume.
The LVRC (RePneuR, PneumRx Inc., Mountain View, USA) are made from preformed nitinol wire ( fig. 1 ) that is delivered straight into the desired subsegmental bronchus via the working channel of a flexible bronchoscope; it recovers to a predetermined shape upon deployment. This supposedly results in the bending of the airway and the compression of the diseased lung parenchyma. In this manner, the coil tenses the surrounding tissue, increasing elastic recoil and redirecting air to healthier portions of the lung. LVRC exist in 3 different sizes (100, 125 and 150 mm) to accommodate different-sized airways. Figure 2 demonstrates a patient's chest X-ray after the insertion of 10 coils into the right upper lobe.
Each procedure was performed under general anesthesia with a combination of rigid and flexible bronchoscopy as per hospital standards. It involved placing a total of 10 LVRC with fluoroscopic guidance ( fig. 3 ) in 1 session into the subsegmental bronchi of the lobe most affected by emphysema. Further details of the coil [20] . According to our standard protocol, all patients received intravenous antibiotic prophylaxis (2nd-generation cephalosporin) during the procedure, followed by a second dose 8 h later and completed by an equivalent oral regime for a total of 7 days. Patients remained in hospital under observation for 4 days on average and received a chest radiograph immediately after the procedure and the next day.
Patients were assessed at baseline and after 30, 90 and 180 days, and probable complications were recorded. At each time point, PFT, 6MWT and questionnaires concerning dyspnea [the modified Medical Research Council (mMRC) dyspnea score] and QoL [the St. George's Respiratory Questionnaire (SGRQ)] were conducted and reported [21, 22] . Radiological monitoring was performed with a chest radiograph at baseline and at 30, 90 and 180 days and an MSCT scan at baseline and 90 days. Significant complications (severe hemorrhage, pneumothorax or death) were recorded.
Statistical Analysis
All continuous variables are presented as mean ± SD. Normality of distribution was checked by employing Shapiro-Wilk's test. Twoway repeated measures analysis of variance (ANOVA) was used to assess differences at different time points. When the sphericity assumption did not hold, the multivariate results were used. For pairwise comparisons of adjacent time points, Bonferroni's adjusted p values were reported. For ordinal values, Friedman's test was used to assess for multiple comparisons. Once the significance of potential risk factors had been assessed, multivariate linear regression analysis was performed using a stepwise method. To account for within-patient changes over time, linear fixed-effects models were fitted. Data were assessed for linear and quadratic trends over time. A quadratic trend is indicative of nonlinear variation such as a change of direction. p < 0.05 was considered statistically significant. 
Results
During the study period (September 2011 to March 2013), 26 patients with heterogeneous emphysema were enrolled. No predefined cut-off value was used for determining the heterogeneity of emphysema, which we assessed with the YACTA analysis system and then confirmed by perfusion scintigraphy. Baseline characteristics of the patients are shown in table 2 .
All patients were treated unilaterally. The right upper lobe was treated in 15 (58%) patients, the right lower lobe in 4 (15%), the left upper lobe in 4 (15%) and the left lower lobe in 3 (11%). No periprocedural technical events occurred and none of the coils placed needed to be replaced or removed.
All patients completed the study and were reassessed at 30 days (n = 26); 25 were reassessed at 90 days (1 missed this follow-up and was reassessed at 180 days only) and 22 were reassessed at 180 days (1 missed the 180-day follow-up and for 3, the 180-day appointment is not yet due). At the 180-day follow-up, 1 patient declined the PFT and 6MWT measurements but completed the dyspnea (90-day mMRC) and SGRQ questionnaires ( fig. 4 ).
MSCT scanning with YACTA analysis was performed at baseline and at the 90-day follow-up and showed a significant lung volume reduction (7,039 ± 1,463 vs. 6,756 ± 1,465 ml, p = 0.02), a change in the emphysema index (39 ± 11 vs. 36 ± 11%, p = 0.04) and no change in the emphysema volume (2,789 ± 1,078 vs. 2,797 ± 1,027 ml).
FEV 1 Measurement
FEV 1 had improved significantly after 30 days and this improvement was sustained at 90 days after the intervention and tended to have decreased at the 180-day follow- Values are given as the mean ± SD. PaCO 2 = Partial arterial pressure of carbon dioxide; PaO 2 = partial arterial pressure of oxygen; Sat = saturation. ( table 3 ) .
Fitted models were consequently used to account for the trends in within-patient changes over time, confirming a quadratic relationship between outcome variables and time. Intercepts and coefficients are characteristics of the models. Intercepts indicate the value of each parameter at baseline and coefficients are an indication of the rate of change of the outcome variable as time passes on a monthly basis. Accordingly, the model for FEV 1 predicts an increase in FEV 1 up to 90 days after intervention followed by a leveling off and a subsequent decrease ( table 4 ; fig. 5 ).
Remaining PFT Values
Vital capacity (VC) and RV improved significantly at 30 days after intervention and the improvement was sustained at 90 days. TLC did not change after the intervention; however, RV/TLC was significantly lower at 90 days. At the 180-day follow-up, the PFT measurements tended to decrease but did not reach baseline values. The fitted models showed similar trends for RV and VC, namely, an improvement up to 90 days after the intervention followed by a leveling off and a subsequent decrease ( table 4 ; fig. 5 ). Longitudinal analysis was performed so as to quantify the patients' course over time as described by each parameter. Intercepts indicate the value of the respective parameter at time = 0. Coefficients indicate the rate of change of each parameter as time passes, with 1 month being the time unit. The p values indicate the validity of the model. Exercise Capacity 6MWT improved significantly after 30 days; this improvement was sustained at the 90-day follow-up and tended to decrease at the 180-day follow-up ( table 3 ) . One patient did not complete the 6MWT at 30 days (for technical reasons) but did complete the 90-day evaluation, 1 did not complete the 6MWT at 30 and 90 days and 1 declined the 90-day 6MWT evaluation. Of the patients that were reevaluated at 180 days (n = 22), 1 declined the 6MWT measurement and 2 could not perform a 6MWT ( fig. 4 ). Compared to baseline values, there was a Δ6MWT of 47 ± 54 and 32 ± 60 m, respectively, at 90 and 180 days after LVRC treatment. Sixteen of 23 (69%) patients improved by >26 m (minimal clinically significant change) [23] .
A fitted model was consequently used to account for trends in within-patient changes over time, also confirming a quadratic relationship between outcome variables and time. The model for 6MWT predicts an increase in 6MWT up to 90 days after the intervention followed by a leveling off and a subsequent decrease ( table 4 ; fig. 5 ).
QoL and Dyspnea
Scores mMRC tended to be lower at the 30-, 90-and 180-day follow-ups; however, the value did not reach statistical significance. QoL assessed with the SGRQ was significantly improved after 30 and 90 days. The improvement was more pronounced within the domain of symptoms rather than the domains of activity and impact ( table 3 ) . SGRQ total score improved by >4 points (minimal clinically significant change) in 11 of 24 (46%) patients at 90 days.
Univariate linear regression showed that the baseline 6MWT was negatively associated with a corresponding improvement at 90 days (β -0.23, 95% CI -0.43 to -0.037, p = 0.022) and baseline RV was positively associated with improvement in 6MWT at 90 days (β 14.33, 95% CI 0.35 to 28.31, p = 0.04). Univariate analysis for all other clinical (age, gender and FEV 1 , VC and TLC at baseline), procedural (lobe-treated, complications) or radiological, YACTA-analysis parameters (lung volume, emphysema volume, emphysema index, mean lung density and 15th, 10th and 5th percentiles) did not show statistically sig- 58 nificant linear associations. Multivariate linear regression analysis was done with Δ6MWT as the dependent variable and 6MWT and RV at baseline, i.e. the variables that were statistically significant at the univariate analysis, as the independent variables. In this analysis, worse performance in the 6MWT at baseline was independently associated with a greater improvement in 6MWT at the 90-day follow-up.
Complication Rate
The total complication rate was 54% (n = 14). Light hemorrhage occurred in 6 patients (23%); this was selflimiting and did not require further endoscopic management. Significant complications included COPD exacerbation requiring antibiotic treatment without need for hospitalization in 6 patients (23%), pneumothorax requiring insertion of a chest drain in 1 (4%) and both COPD exacerbation and pneumothorax in 1 other patient (4%). Therefore, the total rate of pneumothorax was 8%.
Discussion
The main findings of this study are that LVRC placement resulted in an improved exercise capacity, QoL and lung function in a small cohort of patients with heterogeneous emphysema and incomplete fissures. The study also assessed the effect of LVRC in these patients. One of the main pathophysiological causes for dyspnea and exercise limitation in COPD patients with severe emphysema is static and dynamic hyperinflation of the lungs, which render the respiratory muscles inefficient [24, 25] . Recently, ELVR techniques have gained interest as a means of decreasing hyperinflation and consequently offering the benefits of surgical lung volume reduction without the associated morbidity [5, 10, 11] . ELVR by means of endobronchial valve placement is probably the most widely used. However, benefits have been shown in patients with emphysema, in whom lobar atelectasis is achieved, namely, those patients without collateral ventilation [26] . LVRC overcomes this problem since it causes a lung volume reduction independent of collateral ventilation and can therefore be used in patients who are not candidates for ELVR that makes use of valves [27, 28] . In a previous study [20] , we showed that this is safe and feasible in patients with severe COPD. The pathophysiological mechanism involved could be the improvement in lung mechanics due to the compression of destroyed lung parenchyma with the use of coils, resulting in volume reduction as well as an improvement in elastic recoil. This may result in less dynamic hyperinflation during exercise and thus improve exercise capacity.
Our study has shown that LVRC resulted in an initially significantly improved exercise capacity, as assessed by 6MWT. A fitted model was used to better describe the trend of within-patient changes, which predicted an increase in 6MWT up to 3 months and then a subsequent leveling off and decrease at 6 months. The finding of improvement in 6MWT at 90 days is in accordance with previous studies [27, 28] . Our study, however, showed that exercise capacity tended to decrease at 6 months. In a recent study [27] , the improvement in 6MWT was sustained up to 6 months after the intervention, even though the values at 6 months tended to be lower than those at 3 months. This finding could be at least partially explained by the fact that the majority of these patients underwent a second procedure with treatment of a second lobe.
Another finding is the improvement in PFT values, namely FEV 1 , RV and VC. FEV 1 improved for up to 3 months after the procedure and tended to decrease at the 6-month follow-up although not to baseline values. An improvement in FEV 1 , VC and RV up to 3 months is in accordance with previously published data [27, 28] . In a recent study by Slebos et al. [27] , ΔFEV 1 was significantly higher at 3 and 6 months compared to the baseline value. QoL improved by more than the minimal clinically significant difference of 4 points [29] and this improvement seemed to be sustained up to 6 months, as reported in other studies [27, 28] .
Although exercise capacity had significantly improved at the 3-month follow-up, in approximately one third of the patients, this improvement did not reach the clinically significant value of 26 m [23] . This finding highlights the importance of identification of preprocedural characteristics which could correlate with good postprocedural outcome. Of the clinical, radiological and endoscopic characteristics assessed, a lower 6MWT and a higher RV at baseline correlated with the improvement in 6MWT at 90 days. In the multivariate analysis, only 6MWT at baseline was independently associated with the improvement of 6MWT at 90 days. It therefore seems that a lower initial performance in the 6MWT may predict an improvement in exercise capacity, as has been shown for patients undergoing lung volume reduction surgery [5] . However, due to the small number of patients, definite conclusions could not be drawn and this should be addressed in further studies.
The complication rate was similar to that reported by other studies [27, 28] . Mild hemorrhage that did not re-quire endoscopic or other management was recorded in 6 patients and COPD exacerbation without need for hospitalization was also recorded in 6 patients. Pneumothorax occurred in 2 patients, 1 of whom required chest drainage.
Limitations
This study has several limitations. Firstly, this is a retrospective analysis of a small, nonconsecutive patient cohort selected in a single center. A second limitation is the lack of a control group and also the fact that this was an unblinded study, which cannot exclude the possibility of a placebo effect being partially responsible for the observed improvements. It should be noted, however, that it is unlikely that improvement in exercise capacity and PFT could be solely attributed to a placebo effect. Finally, the results of the longitudinal analysis should be interpreted with caution due to the small sample size.
Conclusion
LVRC placement is a promising new technique in patients with advanced COPD and heterogeneous emphysema and it has an acceptable safety profile. In this small cohort of patients with heterogeneous emphysema and incomplete fissures, LVRC improved exercise capacity, QoL and lung function for up to 3 months. This improvement seems to have leveled off and decreased at the 6-month follow-up, however. Further studies are needed to assess the long-term effects of LVRC in these patients.
